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I ntroduction

A unique whde-heed Magnetoencephaography
(MEG) sydem incorporating a Superconducting imaging
surface (SIS) has been designed and huilt a Los Alamos
with the god of dramdicdly improving source locdiza
tion accuracy while mitigating limitations of currat sys-
tems (eg. low d€gnd-to-noiss cost, bulk). Magnetoert
cephdography  (MEG) messures the week magnetic fidds
emanding from the brain as a direct consequence of the
neurond curents resdting from brain  function[l]. The
extreordinarily wesk megnetic fidds are messured by an
aray of SQUID (Superconducting QUantum Interference
Device) sensors. The postion and vector characterigtics
of these neurond sources can be edimaed from the in
verse solution of the fidd digribution a the surface of the
heed. In addition, MEG tempord resolution is unsur-
passed by any other method currently used for bran im-
aging. Although MEG source recangruction is limited by
slutions of the dectromagnetic inverse problem, cont
drants used for source locdization produce rdicble re-
alts

The Los Alamos SISMEG system[2] is based on the
prircipd that fidds from nearby sources messured by a
SQUID sensor aray while the SIS shidds the sensor a-
ray from digat noise fidds In gened, Mdsshe cur-
rents flow in the surface of superconductors, preventing
awy donificat penerdion of megnetic fidds A  hemi-
spheicd 9SS with a brim, or hdmet, surrounds the
SQUID sensor aray largdy sheilding the SQUIDs from
sources outsde the hdmet while meesuring fidds from
nearby sources within the helmet.

We have implemented a finite dement modd (FEM)
detription of the SIS using the exact as-built geometry
to acawrately describe how the SIS impacts the forward
physcs of source modds The FEM is used to cdculae
the didribuion of Messner currents in the complicated
surface geometry of the SIS such that B.=0 at the suface
This modd of the forward phydcs is described dsewhere
in these procesdings [J. In this paper, we present the
realts of locdiziing wdl characterized phantom  sources
udng the SS-MEG system, the SIS forward mode, and a
smpleinverse method.

M ethod

The SIS is faboricated from lead (Type | superconduc-
tor bdow ~7 Keving) with a complex shgpe congsting of
a 506dinch radius hemighere with two smdl “cut-outs’
a opposte sdes of the hemighere, and a 2-inch brim
that is smoothly mdded to the edge of the moadified
hemighere. An aray of 150 SQUID magndometers is

mounted on “suds’ a offsats from the SIS ranging from
lcm to 3cm. The SQUID-SIS offsets were dlowed to
vay in order to place each sensor as dose to the head
shaped dewar surface, and consequently the subject heed,
& posshble The entire sysem is operated in a liquid he-
lium beth a ~4 Kevins temperature.

Locdizing sources of neurond adtivation from MEG
messurements  reguires a complete  descripion of  the
“foward physcs’ tha desaribes how neurond  currents
leed to magnetic fidds a the SQUID sensors. The MEG
forward modd mug indude the complex neurond source
mode that incorporates intracdlular ionic currents  inter-
cdluar and extracdlular volume currents, brain ructure,
and conductivities The forward modd for our SSSMEG
sydem mugt further indude the effect of the supercon
ducting surface on the fidds generated by the primary
SOUrCes.

Magnetic fidds produced by sources indde the he-
met (eg. from a subject bran or a ‘cdibraion phantom’)
are detected by the SQUID magnetometers. Various sets
of fixed megnetic dipole coils known as a ‘phantoms
(that emulate Sgnds produced by the human brain) have
been congructed to meesure the effects of the SIS in the
Los Alamos MEG sysem and quartify locdization ad
ovedl sytem peformence Simple dry-wire phantoms,
for which the source modd can be completdy described,
were chosen to diminate any source modd d
from our reslts The phartoms distributed 25 cails
throughout the volume encompassed by the aray (eg. the
bran voume), induding severd coils near the periphery
of the snsor aray. The computed magnetic fidd distri-
butions for the 25 phantom coil postions usad are shown
in FHgure 1, dealy illusraing the proximity of severd
coils near the edge of the sensor array. Three orthogond
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Figure 1: Computed magnetic fidd distributions for 25
phartom cail locations used in experiments.




coils were located & most postions to determine if local-
ization accuacy corrdaed with source orientation. Each
phartom coil was precisdly mechined to a 1.5mm radius
and located rdative to the phartom ‘origin’ to better then
25mm and 10mRad accuracy by the Los Alamos me-
chanicd irgpection fadlity.

While the rddive position and orientation of eech
phartom coail is precisdy known, the a priori podtion of
the phartom rddive to the SQUID aray is only known
to ~+1cm. Although the SQUID aray was fabricated to
better than +50mm overdl tolerance, cooling from ~300K
to 4K is expected to result in sgnificant symmetric and
aymmdric contractions  consequently  we  assumed  ini-
tid +1mm and +100mRad sensor postion and orientation
accuracy. SQUID  sengtivities were cdibrated prior to
ingdlaion into the MEG sysem to a precison of 0.5%,
however a sysematic eror discovered later may increese
the totd error to as much as 1%.

Phantom source ooils were attivated usng a con
dant-current supply  snusoiddly  driven & 77Hz. The
curent supply had beter than 05% absolute accuracy
and 0.1% sability. A conseguence of tolerance build-up
in fabricting the phantom coils it was further necessary
to messure the rdaive fidd generated by esch phantom
sourcecoll.

Data were acquired for dl 150 SQUID sensors while
eech phantom coil wes excted individudly by a curent-
regulated sgnd generator a 77Hz. Daa were aocquired
by smutaneoudy sampling 24-bit DdtaSgma digitizrs
a 3kSalsec a each of the 150 sensor locations. The digi-
tizers were run with high-pass filters dissbled and low-
pass antidisang fiters a 1.2kHz. The raw data were
dgtdly filtered usng a band-pass dgorithm that pro-
duced minima atifacts was implemented in MATLAB
and dgnd ampitudes for each spectra were determined
using standard FFT techmiques.

Sgnds were messured from esch phantom coil by
dl SQUID sensors in the whale-head SIS array for two
indeperdent locations of the phantom within the SIS ar-
ray. Consequently, data for 50 separate phantom loca
tions represerting multiple source orientations & mogt
locations were messured. An invarson of the daa from
one st of 25 phattom locations was performed to local-
ize eech sensor in space and orientation. This is concep-
tudly opposte to but mathematicdly identicd to inver-
son of sensor aray data to locdize a source This unique
procedure was used to cdibrate the postion of eech sen
sor a 4K, compensating for dl machining eros ad
theemd expandons experienced by the sygem. This pro-
vided a correction to the sensor geomelry aray produced
from origind sygem machining diagrans The redlting
“cold’ sensor geometry aray was used in dl subseguent
phantom coil locdization procedures (usng typicd in
verse methods).

After spatid cdibration of the snsor aray, inde
pendent sets of phantom data were acquired a typicd
SIN=20 (100-500fT sgnd amplitude). Source locdiza
tion of phantom coils was performed using a smple SVD
optimizer  (MATLAB) on our source forward physics
desription. All phantom sources were excited and local-
ized as Single sources.

Results

Efficacy of the badc phydcs described by the FEM
was demondrated by the excdlent agreement between
modd-cdculaed and messured megnetic fidd didribu
tion a the snsors for dl phantom coll postions and ori-
entationg3].

Shidding of the SQUIDs from sources externd to
the aray (noise) was both modded and measured for
point dipolar and uniform fidds. A measure of how wdl
the SQUID sensors are shidded from externd source
fidds is the ‘shidding factor' tha we define as the ratio
of the free gpace source fidd a a given sensor divided by
the fidd in the presence of the SIS, We obsarved shidd-
ing factors for sensors aove the SIS brim vaying from
50 to 200. As expected, sensors nearest the edge of the
SIS expeaienced the poorest shidding varying between a
factor of 15 and 30 depending on exact location. These
shidding factors are, by naure of superconductors, inde
pendent of frequency. Trends in expeimentady measured
shidding factors agreed wel with modd predictions
however discrepancies in absolute shidding factors of up
to 50% were obsarved. These were dttributed to the per-
vadve presnce of megnetic maerdids in and around our
laboratory that could not be readily modeled.

Phartom sources were activated usng a condant-
curett supply sSnusoiddly driven & 77/Hz. The typicd
sgnd-to-noise (SN) for acquired SQUID sensor daa
(for the sensor with maximd dgnd) was ~20. Data were
acquired for 10 seconds resuting in an equivdent of 770
epochs.

Sensor cdibration results (obtained by inveting the
complete set of phantom daa for each individud sersor)
showed that SQUID locdization errors were typicdly
less than 0.5mm and 20mRad, however a few sersors
were midocaed by more then 1nmm. These midocations
were directly dtributed to pos-fabrication modifications.
The impact of spdidly cdibrating the SQUID sensor
aray is evidet in the phantom source locdization results
(Figues 2 and 3). Prior to cdibrating sensor locations,
the mean source locdization error was ~1mm with the
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Figure2: Phantom coil localization error using febrica:
tion drawing sensor positions (No sensor position cdli-
bration).
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Figure 3. Extreordinary phattom coil locdiza
tion precison using ‘cdibrated” sensor positions.

maximum eror ~4mm  (Fgure 2). After cdibraing the
sensor locations, the means source localization error was
<0.2mm with the maximum error of 0.45mm (Figure 3).

Inverse source locdization was paformed to locate
eech of the 50 phantom coils and resulted in a mean error
of les than 02 millimeters This locdization acauracy is
more thean a factor of five (5) beter then any previoudy
published result and an order of megnitude better then
published figures for commedd whde-heed MEG sys
tems. Further, the accuracy of source locdization for our
sydem was independent of source ohentaion, unlike
other sysems where source orientation dramaticdly im-
pacts source locdization acauracy. Although the resson
for this obsarvaion has not been determined, we Specu
late it may result form our choice of phantom source.

Conclusion

In conduson, reslts obtaned for the unique Los
Alamos wholeeheed MEG system ae vay encouraging.
Fdds from extend sources (noise) were typicdly re-
duced by approximady two orders of magnitude across
dl freguencies. This reduction was less for sensors near
the edge of the SIS hdmet, as expected, and depended on
the details of the noise source

We dso report that the SSISMEG system has an &
fedtive “ingrumentd” sowce locdization accuracy of
better then 05mm for locdized, wel characterized
sources. This source locdization accuracy wes observed
throughout the vdume indde the SIS hdmet, induding
regions near the periphery of the sensor array.

The ultimate god of the SS-MEG sysem is to pre-
dsdy locdize sources within a human bran. A dealed
undersanding of how various messurement and modding
errors impact source locdization must be obtained in or-
der to accuratdy compare vaious results reported in the
literatre. More importantly, this understanding is crudd
to rdaing how locdization reaits for smple phantoms
(such as the one used here) compare with conplex ‘red-
world’ sources such asthe human brain.
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